In the context of 2-D and 3-D unstructured mixed-element meshes, a new method of recovering vectorial fields and currents in multidimensional simulation is introduced. The new method, called the method of edge elements, directly interpolates the projections of the vectors on the edges of an element into its interior. The new method is compared to two other recovery methods on the basis of resolution, consistency, and implementation ease.
INTRODUCTION
In the numerical simulation of semiconductor devices, the vectorial electric field and current density are required throughout the domain of simulation. During the simulation, they are needed to compute various physical parameter models, such as mobility and impact ionization. When the simulation has finished, they are again needed for post-processing and visualization. The problem is to recover the vectorial fields and currents from the nodal values of electric potential, quasi-Fermi potentials, and temperatures. The problem is complicated by the unstructured mesh and the special discretizations of current. In finite-box simulations, the discretization and solution do not uniquely define the fields off of the edges joining the nodes. Recovery methods must be developed to reconstruct the vectorial electric field and current density from their projections along edges of the unstructured mesh.
For accuracy, the ideal recovery method should be of high resolution and consistent with the model and its discretization. Resolution measures the capability to distinguish between fields at adjacent locations. Higher resolution enables higher-order discretizations ofphysical models, which can reduce the truncation error. Inconsistency will introduce additional numerical errors. The recovery method should be consistent with the approximations of the Scharfetter-Gummel (SG) discretization. The recovered field should be in agreement with the data input to the method, so that the projections of the recovered field on the element edges reproduce the original data.
For computer efficiency, the ideal recovery method should be easy to implement and applicable to any 2-D or 3-D, unstructured, and mixed-element mesh. A mixed-element mesh is a mesh which contains simplices as well as non-simplices, i.e., in 2-D, rectangles as well as triangles, and in 3-D, cuboids, prisms, pyramids, and tetrahedrons. The Often, in order to apply a method only suitable for simplex meshes, nonsimplex elements are arbitrarily subdivided into simplices. However, the calculations, illustrated in Fig. 1 , show the problem with this. Namely, it turns out that the numerical solutions are sensitive to the way elements are split. Splitting the elements introduces new edges ij with zero Voronoi cell areas A j, which in no way influences the structure of the discretized equations. Errors introduced in calculating the fields will feed back into the solution via the physical models, which may compromise the overall accuracy of the modeling effort. Although the magnitude of this problem will diminish as the mesh is refined, more accurate recovery methods can extract the needed information without arbitrary splitting. Errors introduced in calculating the fields will feed back into the solution via the physical models, which may compromise the overall accuracy of the modeling effort.
Here, the new field-recovery method is described, which is called the modified edge-element method [1] . Then, two other methods, the methods, of least-squares fitting and method of corner averages, are reviewed and the methods are compared. (2) where dij is the length of edge ij and 'i is the scalar finite-element shape function. The shape function 'i for the element takes the value 1 at node i, the value 0 at all other nodes, and is linear between them. The basis function has the following characteristic properties: the tangential component of eij along the edge ij is equal to one, while the tangential components along all other edges are equal to zero. Reconstruction of the field using edge elements yields a non-constant vector function defined on the element which has the following properties: (1) A detailed comparison between the element-averaged EEM and the LSM was made, since it can be argued that the LSM produces fields which are optimum. It was found that the two methods yield identical results for the rectangular faces of any element, so the differences were evaluated in triangular faces. In conclusion, the newly proposed method of edge-elements is an accurate and efficient vectorial field reconstruction method. The EEM has been installed in SIMASTER, a general purpose 2-D and 3-D device simulator using unstructed meshes [2] .
Method of Edge Elements
The EEM has proven effective in many different types of simulations.
